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With constant process intensification in recent years, the separation of fine micron and 
submicron size liquid droplets from gaseous flow mediums has become an important subject 
for the process and aerospace industries. While conventional technologies are not effective in 
this droplet size range, electrostatic separation demonstrated remarkable effectiveness and 
reliability while lowering maintenance and operation cost. However, it is commonly used for 
low droplet concentration in relatively low velocity gas flow. This current experimental study 
is focused on electrostatic separation of high concentration of fine electrically conductive 
droplets from high velocity gas flow. Different separators including wire-to-plate, wire-to-
cylinder, single stage, and multi-stage separators were designed, built and tested at gas 
velocities up to 15 m/sec and droplet concentration up to 22,000 ppm. The results 
demonstrated that two-stage plate, as well as tubular separators provides maximum separation 
efficiency at minimum power consumption. However, the tubular separator is easier to 
package in the required space envelope and 1-inch diameter tubes are more efficient at high 
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Chapter 1: Introduction 
1.1 Background 
In this section the background and mechanism of electrostatic separator are reviewed. Then 
various particle generation methods including ultrasonic fog generator, fog machine, and nozzle 
are introduced and discussed.   
1.1.1 Background of Electrostatic Separator 
In recent years many industries have shown great interest in separation of fine droplets from gas 
stream. In the past, various traditional techniques were used to separate fine particles: some of 
them are cyclonic separation, gravity separation, and mechanical filtration. Unfortunately, the 
performances of most of these techniques are constrained by the particle size. As the size of 
particles reduces, these techniques become less efficient and separation process becomes more 
expensive.  In order to separate micron and submicron size solid particles, electrostatic discharge 
technology has been employed. However, applications of this technology for separation of liquid 
droplets have not been explored extensively.  The electrostatic separators are devices, which use 
electrostatic force to deflect and separate particles from a flowing gas. These separation devices 
have proven to be useful in industrial and residential applications. For example, it is used in 
power plant for separating of harmful particles from exhaust gas. It can also increase the 
reliability of operation by separating micron size corrosive liquid particles from a gas flow. The 
most common structure of electrostatic separator is a tubular geometry where a discharge 




Figure 1: Schematic tubular separator arrangement [1] 
The main advantage of an electrostatic separator, as compared to other separators, is its ability to 
separate micron-size particles with high collection efficiency.  High collection efficiency may 
also be obtained by using mechanical filtration. However, for separation of micron-size droplets 
the pressure drop penalty of this method can be very high. On the other hand, electrostatic 
separator can separate particles by using electrostatic force and without any significant pressure 
drop. It also demonstrates high reliability and low maintenance cost.  
1.1.2 Separation Mechanism  
Figure 2 graphically summarizes the collection mechanism of a typical wire-to-tube electrostatic 
separator. The figure is a quarter sectional view of the separator. As it can be seen, the space 
between high voltage charged electrode and the ground electrode can be divided into two zones: 




Figure 2: Collection mechanism in a wire-to-tube electrostatic separator with negative charged 
wire and grounded tube 
Ionization process takes place in the active zone. By charging the wire electrode with high 
voltage (negative voltage in this case), the space in vicinity of the wire is ionized leading to 
production of large amount of high-speed electrons. The electric field created between the 
charged wire and grounded tube tends to derive the electrons towards the tube. On their way, the 
high-speed electrons may hit the gas molecules. This process doubles the amount of generated 
electrons and creates positive ions. Positive ions are absorbed towards the negatively charged 
wire. Electrons will migrate to the grounded tube.  
As the electrons move further into the passive zones, due to a lower electric field, their speed is 





Active	  Zone:	  Electron	  +	  Molecule	  à	  Electrons	  +	  Positive	  ion	  
Passive	  Zone:	  Electron	  +	  Molecule	  à	  Negative	  ion	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to the moving particles. The grounded tube collects negatively charged particles. Separation 
process of particles is now completed.  
During particle charging process, depending on the particle size, two different charging 
mechanisms may come into play, which is diffusion charging and field charging. The diffusion 
charging is caused by random collisions of ions with particles due to temperature (The Brownian 
motion) as described by gas theory. This mechanism is typically the prevailing charging 
mechanism for particles smaller than 0.2 µm. For particles larger than 1 µm, the field charging is 
the major charging mechanism. Field charging requires the presence of an electric field to drive 
the free mobile charge carriers. For particle sizes fall in 0.2 - 1 µm range combination of two 
charging mechanisms will be in effect. [1] 
In terms of physical structure, there are two general types of electrostatic separators as shown in 
Figure 3. Figure 3(a) shows a plate-type separator (also known as planar separator), which is 
composed of two stages: charging stage and collection stage. The charging stage is positioned at 
the entrance of the system. High intensity electrostatic field is generated in this region by 
applying high voltage to a negatively charged wires positioned between the grounded plates. 
Particles are charged with a negative polarity at the charging stage.  The collection stage consists 
of parallel plates. Every other plate is connected to the positive polarity while the plates in 
between are grounded. The applied electric field of the collection stage, although it is not as 
intense as the charging stage, is able to attract negative charged particles and complete the 
collection process.  
Figure 3 (b) is a schematic sketch of the cylinder-type separator (also known as tubular 
separator). Compared to the plate-type separator, the structure is simpler. It consists of a charging 
wire electrode and a grounded tubular electrode. The wire is often charged with a negative 
polarity placed in the center of tube. Particles moving along the tube are charged negatively in 
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vicinity of the wire and move towards the ground electrode (i.e. tube) as a result of the electric 
field. If the device is used for separation of liquid droplets, a stream of liquid can be formed at the 
bottom of tube as the process of collection of droplets continues. Collected liquid must be 
discharged through a drainage system.  
 
(a) Sketch of planar electrostatic separator 
 
(b) Sketch of cylindrical electrostatic separator 
 
Figure 3: Sketch of electrostatic separators: (a) sketch of planar electrostatic separator, (b) 







1.1.3 Particle Generation Techniques  
There are a number of techniques that can be used to produce high concentration of small size 
droplets. A review summary of the important techniques is given in this section. 
1.1.3.1 Ultrasonic Fog Generator 
Ultrasonic fog generator, which is also known as ultrasonic humidifier, is one of the methods of 
producing liquid droplets. Figure 4 shows a multiunit ultrasonic fog generator. Ultrasonic fog 
generator uses a piezoelectric transducer to create a high frequency mechanical oscillation in a 
film of water.  Metal diaphragms vibrate at this high ultrasonic frequency to create small water 
droplets that exit the system silently.   
 
Figure 4: Ultrasonic fog generator 
It was shown that the size of the micro water droplets can be manipulated by adjusting the driving 
frequency. An increased driving frequency leads to a smaller mean droplet diameter. Boucher and 
Kreuter describe a droplet formation expression derived by Lang and refined by Penskin and 
Raco [2]. The expression depicts the median aerodynamic diameter of aerosol droplets produced 
by an ultrasonic humidifier for a given liquid surface tension and piezoelectric crystal operating 
frequency as given by Eq. 1.  
 
 7 
 𝐷!"#$% = 0.34(8𝜋𝑆/(𝜌!"#𝐹!))!/! (1) 
where DN is  number median droplet diameter; S is liquid surface tension; ρis liquid density; F is 
crystal frequency 
For a specific liquid, the surface tension and the density are constant. Hence, the droplets size is 
inversely correlated with the diaphragm vibrating frequency. It was reported that a humidifier 
with a 1.6 MHz transducer produces droplets with a number median diameter of 3 µm [3] .  
1.1.3.2 Fog Machine 
Fog machine is a device that uses a heating element to emit a dense vaporized fog.  A picture of 
this machine is shown in Figure 5.  
 
Figure 5: Fog machine 
Typically aqueous glycols and mineral oil (sometimes called fog juice) are used to produce small 
droplets in a form of dense fog. [4] Fluid vaporizes inside fog machine through a heat element. 
Then the vaporized fluid is injected to the environment and as result of a contact with moisture in 






Nozzle is a device that facilitates dispersion of liquid into atomized form. Figure 6 shows specific 
kind of nozzle used in current study to produce water droplets.  
 
Figure 6: Nozzles 
The size of droplets is influenced by some factors, including nozzle geometry, injection pressure, 
and liquid characteristics [5] [6] [7]. Figure 7 demonstrates the relationship between particle size 
and injection pressure. It can be seen that by increasing the injection pressure, smaller particle can 
be produced by nozzle. 
 
Figure 7: Trend of droplet size versus operative pressure [6] 
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1.2 Scope of the Work 
The current study focuses on development of electrostatic separators for separation of fine liquid 
droplets from a high-speed air stream. Several factors are studied to enhance the performance of 
the separator.  The particle size plays an important role in separation performance. Theoretically, 
electrostatic separator can collect particles with diameters as low as 0.01 µm up to 10 um and 
higher. To further study the effect of particle, a numerical study is performed to investigate the 
effect of this factor on the collection efficiency. The amount of the charge accumulated on a 
given particle is calculated and the trajectory of the particle under the influence of the electric 
field is determined.  
Airflow rates also influences the efficiency of the electrostatic separator. As the airflow rate 
increases, it reduces the residence time of the particles inside the separator. If the airflow rate is 
too high, it is likely that there is not sufficient time for a particle to reach to its charging saturation 
state. If the airflow rate is too low, the full collection may happen within a short portion of 
separator and the remaining section is not properly utilized. This can lead to wasting of the 
electrical power supplied to the separator. Hence, there is a direct relationship between the air 
velocity and the optimum size of the electrostatic separator. This is another factor to be 
investigated in current study. 
For the wire-to-tube designs, diameter of the tube is an important factor. As the diameter of the 
tube decreases, higher electrical field is produced due to a shorter distance between charging and 
collection electrodes. However, if the diameter is kept constant and instead a higher voltage is 
applied to increase the electric filed, the plasma region doesn’t grow proportionally. It means that 
for a same average electric field between two electrodes the extent of plasma region of larger 
diameter is smaller than that of the smaller diameter. Since the amount of particle being charged 
depends on the size of the plasma region, a relative larger portion of plasma region will result in 
higher collection efficiency. However, reducing the diameter and decreasing the distance between 
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two electrodes can result in an early spark over. The effect of the diameter is another subject that 
will be investigated in current study.     
It is observed that in a flat plate electrostatic operator a two-stage configuration can produce 
higher collection efficiency than a single-stage configuration. Therefore, as part of the current 
effort, the concept of two-stage configuration was extended to a tube design as well. Then the 
ratio of charging stage length to the total length of tube was investigated experimentally. It is 
observed that when the length of charging stage is too short, it leads to insufficient charging of 
particles and a drop in collection efficiency. On the other hand, if the charging stage takes up too 
much length it will also result in a deficiency of performance of electrostatic separator due to an 
insufficiency in particles collection. This resulted in determining an optimum for the length of 
charging stage.    
1.3 Research Objectives and Approach 
The main objective of this study is to develop an electrostatic separator prototype, which is able 
to achieve the collection efficiency over 90% when separating fine water particles in high 
velocity airflow. Meanwhile, the power consumption should be minimized.  
 The details of test condition requirements are summarized in Table 1. 
Table 1: Test condition requirements 
Variables Range 
Air	  Velocity ≈	  10	  m/s 
Droplets	  Concentration ≈	  22	  g	  water/kg	  air 
Mean	  Droplets	  Size ≈	  1.7	  µm 
Physical	  Envelope ≈	  6.5“	  x	  24" 
Efficiency Over	  90% 
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In order to accomplish the main objective of this study, the test condition needs to be created and 
the performance of the separator for different design alternatives to be studied. Constant airflow 
velocity is obtained by utilizing an air blower in conjunction with a variable transformer. The 
required droplet size and concentration is achieved by mixing the particles produced by two 
different kinds of particle generators, fog machine and ultrasonic fog generator.  
1.4 Dissertation Organization 
The outline of this thesis is as follow: Chapter 2 of the thesis provides a survey of the literature 
and a summary of the relevant studies. Chapter 3 discusses a numerical study to improve the 
understanding about the effect of various parameters of electrostatic separator including electric 
field, applied voltage, charging density, particle size, diameter, and length on trajectory of 
particles and separation performance. Reviews of experimental studies are presented in chapters 4 
and 5. Chapter 4 provides a review of experimental setup and test designs for both wire-tube and 
wire-plate separators. In chapter 5, an improved separator design is introduced and the results of 
study on certain performance influencing factors are discussed. These factors include the airflow 
velocity and diameter size of tube. A comparison of the results among different designs and the 
final prototype design are presented in this chapter as well. Chapter 6 discusses the fabricated 
full-scale prototype and the corresponding experimental results. Conclusions and proposed future 
work are discussed in chapter 7 of the thesis.  
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Chapter 2: Literature Study 
The use of electrostatic discharge to remove particles from gas stream was first introduced in1824 
by Hohlfeld [8]. However, it was not fully studied until 1907, when the first device was invented 
by Frederick G. Cottrell, a professor of chemistry at the University of California, Berkeley [9]. 
Since then, electrostatic separators have been researched extensively due to its high separation 
performance and low energy consumption. However, the focus of major previous works has been 
on solid particles, and separation of droplets has not been investigated thoroughly.  Some of the 
earlier works related to the electrostatic separator will be discussed in this section. 
Yi et al. have carried out experimental studies on a self-designed, plate type electrostatic 
separator and conducted a parameter study on ion concentration, the distance between collection 
plates, and the particle velocity. They showed that the gas ion concentration can be enhanced 1-2 
magnitudes by increasing the particle velocity due to the prevention effect of gas ion 
neutralization. Therefore, collection efficiency can be increased [10].                        
Bologa et al. conducted an experimental study on the influence of aerosol temperatures on the 
characteristics of corona discharge particle size distribution. The experiment was based on the 
principle of unipolar particle charging in corona discharge to collect fine oil mists. The results 
indicated that the characteristics of corona discharge and particle size distribution will change 
with the increase of gas temperature [11].                
Podlinshi et al. studied the influence of electrohydrodynamic secondary flow on the collection 
efficiency of electrostatic separators with positive and negative voltage polarity. A spike tip 
discharge electrode was experimented with in the study. By directing the tip either upstream or 
downstream the primary flow, while keeping other parameters constant, the flow pattern and 
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efficiency changes. The results indicated that the secondary flow is the main reason that the 
collection efficiency of the separator changes [12]. 
McKinney et al. designed a barbed plate electrostatic separator to generate a more uniform 
current density distribution and electric field. The results of the device were compared to a wire-
plate separator by measuring the particle motion via a laser Doppler velocimeter. The flow 
pattern indicated that the barbed plate separator shows a more uniformly distributed current 
density and electric field. Also the plate type separator creates large-scale, secondary flows 
during separation process [13].  
Grass et al. conducted an experimental work on the influence of different electrical fields and 
properties on the electrostatic separator, and the power consumption of different high voltage 
supplies. They discovered that different high voltage supplies show different electrical properties 
and efficiency. The results from the experiments demonstrated that increased efficiency for large 
particle sizes and high particle concentrations can be achieved with high frequency power 
supplies. Alternatively, more efficient separation can be obtained for fine particles with pulsed 
power supplies. In addition, experiments on power consumption showed that a high frequency 
IGBT inverter combined with a /spl mu/s-pulsed power supply can improve the overall separator 
performance [14].  
Dumitran et al. experimentally studied the drift velocity of fine particles. A laboratory-scale, two-
stage separator was first designed. The ionization process is achieved with barbed electrodes. The 
collection stage is maintained with uniform electric field. Results of separation efficiency for 
different values of turbulent diffusivity can be derived to obtain the drift velocity. In addition, the 
influence of gas flow turbulence was studied with experimental data [15].      
Touhami et al. conducted a numerical simulation on the trajectory of insulated particles. It was 
indicated that the trajectory of the particle movement can be precisely determined with numerical 
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simulations based on the equation of the forces exerted on the particle in the electrical field. The 
electric field was simulated with COMSOL software. The trajectories of electrically charged, 
insulating particles were simulated with MATLAB to study the factors that influence the process 
of selective sorting of various granular materials [16].   
Rajanikanth et al. performed an electric field simulation in order to predict the physical processes 
of a plate-wire electrostatic separator in the prebreakdown region. The simulation can be used to 
predict the voltage current characteristics, which further help to diagnose the electrical problems. 
It was shown that the simulation results were validated against the experimental results [17].      
Lancereau et al. conducted a numerical work to identify dimensionless numbers dictating the 
electrohydrodynamic transport in the tube-wire electrostatic separator under laminar flow 
conditions. The dimensionless numbers are, except for two geometrical parameters, the electric 
Reynolds number Ree, the hydrodynamic Reynolds number Rea, and the ratio between the peek 
field and the mean electric field between the two electrodes. The results indicated that the four 
regimes in the separator are limited by the length of electrode. A basis was provided with the 
simulation to study the influence of the secondary flow on the performance of electrostatic 
separators [18]. 
Zhi-jiang et al. did an experiment to study the V-I characteristics. Based on the characteristics, the 
performance of separators can be improved. The influence of different gas velocities, droplet 
sizes, and droplet concentrations has been studied. It was shown that, at a gas velocity of 1.0 ~ 
1.2 m/s, a nozzle pressure of 0.3 ~ 0.4 MPa, and a volume flow rate of water 0.24m3/h, the 
optimized efficiency can be achieved [19].  
Chua et al. experimentally studied the micro-fabricated electrostatic separator. Poly-dispersed 
liquid phase oleic acid particles, with sizes ranging from 20nm to 300nm, were utilized in the 
experiments. The separator designed had an electrode gap of 1.8 mm to 2.0 mm, and tested at 
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2.2kV and 2.6kV, respectively. The experiment’s results were both detected by visual observation 
and the measurement of the corona current during the separating process. It was demonstrated 
that the micro-fabricated electrostatic separator sufficiently separated the micron-sized particles 
[20].  
 Yamamoto et al. developed a design of an electrostatic separator which can not only separate low 
resistive particles, but can also incinerate captured particulates, which all generated from diesel 
engine. The device utilized ionic wind to carry the charged particles to the passive zone, where 
the repulsion force exerted on the particles is much smaller than active zone. Therefore, the re-
entrainment phenomenon can be suppressed. Meanwhile the captured particulates will be 
incinerated by ozone and other oxidation products. The separator was first designed by 
optimizing the electrode location. Then the experiment’s results were detected by scanning 
mobility particle sizes and the particle counter. The new separator design demonstrated the 
potential of diesel engine emission control [21]. 
Zukeran et al. experimentally investigated the reason that the electrostatic separator shows low 
collection efficiency. Both the collection efficiency and the particle size distribution were studied. 
The results demonstrated that the decrease in collection efficiency was caused by subsequent 
release of the particles into the atmosphere during separator operation. Then the influence of the 
airflow velocity on the re-entrainment effect was studied. It was shown that the re-entrainment 
phenomenon is dependent on the airflow velocity [22].  
Schwab also conducted an experimental study on the back corona behavior. Particles with high 
resistivity were collected in a laboratory scale, electrostatic separator. The results indicated that 
the high resistivity particles will lead to the occurrence of back corona, which decreases separator 
collection efficiency. Since the local occurrence is related with dust layer thickness and the 
porosity, which is affected by the electrohydrodynamic field, the electric current density’s 
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increase was monitored. The study demonstrated the existence of different types of back corona. 
Also, it showed the relationship between the quality of the dust layer and the occurrence of back 
corona [23].    
Wang et al. conducted experimental and numerical studies on the effect of negative corona 
discharge of the electrostatic separator. The current voltage characteristics were measured 
experimentally for a range of temperatures and relative humidity and the influence of humidity on 
the electric field and charge density was numerically studied. The results demonstrated that the 
inception voltage and electric field decreased with the increase of humidity [24].   
Chang et al. conducted an experiment that studied the particle image velocimetry measurements 
of the flow velocity field in a wire-tube electrostatic separator. The voltage supplied to the 
separator has negative polarity. The influences of Reynolds and electrohydrodynamic numbers on 
the system collection efficiency were investigated. It was shown that when the Ehd/Re2>=1 and 
ReSc>=Fe, where Sc is the Schmidt number and Fe is the electric field number; the separator 
collection efficiency is affected by the electrohydrodynamic secondary flow [25]. 
Blejan et al. measured the collection efficiency for three different cylindrical electrostatic 
separator designs to improve separator performance. The different diameters of the collection 
electrodes of separators were fabricated and tested. Current voltage characteristics were first 
compared with standard electrode arrangements. Then the results of second experiments 
demonstrated the relationship between current density distribution and the geometry of the 
electrode system. Dust collection efficiency was measured in the third set of experiments. The 
results showed that the modified separator demonstrates higher collection efficiency compared 
with the standard design. It is also shown that the lower collection efficiency occurs at higher 
flow velocity [26]. 
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Mizuno described the principles of electrode separators, including particle charging, migration 
velocity of charged particles, and collection efficiency. Abnormal phenomena were also 
described, including back corona for treating high resistivity dust, abnormal re-entrainment for 
low resistivity dust, and corona quenching for fine dusts. Techniques to solve these abnormal 
phenomena were also introduced. Pulsed energization separators can remove high resistivity dusts 
and lower power consumption. Wet electrostatic separators are able to remove dusts and gaseous 
pollutions simultaneously. Some applications were also included which can remove dioxin from 
incinerators [27].   
From this literate survey it can be concluded that the focus of previous works has been mainly on 
separation of solid particles. The influences of some influencing parameters have been studied to 
investigate the performance of electrostatic separator. However, there has not been a systematic 
study on separation of fine droplets from high-speed gas stream and drainage of collected liquid. 
This thesis will focus on the study of separation of these droplets and methods to improve the 
system efficiency.  
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Chapter 3: Theoretical Modeling 
3.1 Introduction 
In section 1.2, the background and concepts of electrostatic separators were described. The 
process of generation of ions, their motion in the electric filed and attachment to particles and 
deflecting particles trajectory is a complicated physical phenomenon.  As explained in Section 1.3, 
the performance of a separator can be mainly characterized by its electric field, current density, 
the voltage supplied to the system, and the particle size. In order to better understand the 
separation performance and identify the influence of design parameters, a numerical modeling 
effort has been conducted. This chapter describes the governing equations and numerical 
methodology used to calculate them.  
3.2 Model Description 
A simple geometry of tube-type separators consisting of a thin wire and a grounded tube will be 
considered and modeled using Engineering Equation Solver and Matlab.  
The physical geometry is shown in Figure 8. The diameter of the charging wire is set to 0.22 mm. 
In this study the trajectory of a single particle under the influence of the electric field is to be 
modeled.  Particles near the wire are the most difficult to collect, due to the longer distance to 
reach the grounded tube. Therefore, the initial location of the particle is selected very close to the 
charging wire (the distance to charging wire is 0.02 cm). The diameter of tube is 2.54 cm (1 inch). 




Figure 8: Physical geometry of separator  
The trajectory of particles is simulated to study the collection length and the factors influencing 
the performance of separator, such as particle size, grounded tube diameter, different electric field. 
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where u and up are the velocity of air flow and particle; ρ and ρp are the density of air flow and 
particle; FD is Stokes drag term; Fe is electrostatic body force; t is resident time s. 







where CD is the drag coefficient for sphere particles;  







   (4) 
To calculate the electrostatic body force, the local electric field in vicinity of aerosol particle and 
the charge accumulated on the particle must be determined. The total particle charge is given as: 
 𝑞! = 𝑞!"## + 𝑞!"#    (5) 
The assumption is that only field charging happens during the whole separation process. It is 
reported that when the particle size is larger than 1 micron, the field charging is the dominant 
charging mechanism. Therefore, diffusion charging is neglected in the current simulation. To 
calculate the electrostatic body force exerted on a charged particle, the amount of charge acquired 








   (6) 
where εp is relative permittivity of the particle; E is electric field strength; dp is diameter of 
particle; KE is proportionality constant (9.0*109 Nm2/C3); Zi is ion mobility; ρi is charge density 
space. 
The relation between potential and electric fields is given by  
 𝐄 = −∇∅     (7) 
where E is the electric field intensity; ϕ is potential field. 
The current density is the summation of ionic mobility, conduction and convection components. 
However, since the electrical conductivity of air is negligible, the velocity of airflow can be 
neglect compared with the ion mobility. Therefore, the current density, J, is given as:   
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 𝐉 = 𝜌!𝑍!𝐄   (8) 
To calculate current voltage characteristics, the threshold field strength can be determined semi-
empirically using Peek’s formula (Eq. 8).  











where T is actual fluid temperature; T0 is absolute ambient temperature; P is actual fluid pressure; 
P0 is normal atmosphere pressure. 
At low voltages, due to the absence of ionization processes, the particle cannot be separated from 
the airflow. But when the voltage gradient around an electrode goes above the threshold value, 
the air surrounding can dissociate molecules into ions, which results in charging of moving 
particles and initiation of separation processes. In the numerical study, it is assumed that the 
maximum electric field is equal to threshold field.   












3.3 Simulation Results and Discussion 
The influence of several factors such as particle size, electric field, and current density on the 
collection efficiency is studied using a numerical simulation approach.  
3.3.1 Study of Electrical Characteristics 
Studies were conducted on electrical characteristics of the separator, namely, electric field and 
charge density in radial direction.  
Figure 9 shows variation of the electric field along a radial distance (r) within the tube. The result 
indicates a decreasing trend along with the increasing distance in the radius direction. Close to the 
center of tube and approximately 0.002m away, the electric field drops dramatically with 
increasing distance to the center. As it extends further away from the center, electric field 
declines gradually to a relatively flat curve. This characteristic further explains Figure 2. In the 
active zone, the electric field is rather high, where corona discharge occurs, large amount of 
electrons are generated in this region. When the electrons travel further away from the center, the 
electric field is relatively low, and no more ionization processes occur. Electrons are able to 
attach the particles. Then, the grounded collection tube can collect the negatively charged 




Figure 9: Electric field about distance r 
Charge density variation with the distance along the radius direction (r) is shown in Figure 10. 
Charge density indicates the amount of electric charge per unit volume, which is directly related 
to the amount of charge accumulated on a moving particle. Increasing the amount of charge 
accumulated on moving particles will result in higher collection efficiency. The particles receive 
larger amount of charge near the charging electrode. When a particle travels further away from 




Figure 10: Charge density about distance r 
3.3.2 Study of Particle Size Effect 
Particle size is an important influential factor for separator performance. As discussed in chapter 
1.2, there is a certain range of particle sizes where the separator shows lower collection efficiency. 
Since the focus of the current modeling is on the field charging, the collection effect only for 
particles larger than 1 µm is simulated. For particles smaller than 1 µm the effect of diffusion 
charging becomes important and the current modeling results may not be accurate any more. It 
should be noted that the average size of droplets per project requirements is approximately 1.7 
µm.    
The result of the particle sizes influence on performance is shown in Figure 11. The trajectory of 
different particle sizes is modeled to interpret collection efficiency. As the diameter of tube is 
selected to be 1 inch (2.54 cm), the initial position of particles is near the center, approximately 
0.5 inch (1.27 cm). X-axis coordinates can be seen as tube wall. The line parallel to the x-axis at 
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the initial position of the particle can be considered to be the center charging wire. There are two 
competing forces actin on a given particle: the drag force, which is pushing the particles along the 
length of the tube, and electrostatic force, which force the particle to move radially. If the 
trajectory of a particle intersects x-axis coordinate, it can be identified as collected by the 
separator. Trajectory of 10 µm particle, for instance, shown in the red line, passes x-axis at 
approximately 9 cm. It indicates that 10 µm particles can be separated at 9 cm. Therefore, the 
separator shows high performance when collecting particle sizes of 10 µm. As the size of the 
particles reduces the separation process becomes more difficult. However, it must be noted that 
for 1 µm particles and smaller the diffusion charging will also contribute in particle charging 
process which has not been considered in current modeling effort. Therefore, there is a possibility 
that those particles are still collected with adopting a slightly longer separation tube.       
 
Figure 11: Trajectory of different particle size 
3.3.3 Study of Collection Efficiency and Current Voltage Characteristics 
It is also essential to investigate the collection efficiency corresponding to different voltages 
supplied to the separator. Collection efficiency is determined based on the ratio of the particles 





























across the entrance area of the tube. Particles of 3-micron diameter are simulated in this study. 
This calculation is based on the assumption that the particles discharge into the system uniformly.  
The electric field, current density, and efficiency are obtained from the simulation, shown in 
Figure 12. It can be seen that the onset voltage for the separator is approximately 6.5 kV, which 
means that corona effects start to occur as voltage increases beyond this point. When the voltage 
is lower than the onset voltage, no corona effects take place, which indicates that the current 
density is maintained at a relatively low value insufficient to initiate the ionization process. After 
the onset voltage, current density gradually increases.  
Figure 12 also reflects the relationship between collection efficiency and voltage. The general 
increasing trend of efficiency corresponds to the current voltage characteristics.  When voltage is 
lower than onset voltage, that is, no corona effect in the system, the separator shows barely any 
collection. With the increasing voltage, efficiency increases dramatically and reaches 100% at 8.5 
kV.  
 












































A model of the wire-tube separator is simulated to further study the parameters affecting the 
separator performance. A description of the model and governing equations was presented in this 
chapter. Electrical characteristics, the effects of particle size, current voltage characteristics on 
collection efficiency were studied using this modeling approach. The model qualitatively shows 
that the electric field and charge density are relatively high around the charging wire, and then 
gradually decrease along the radius direction towards the grounded wall. It was observed that it is 
more challenging to collect small droplets as opposed to large ones especially if these droplets are 
entering the separator in vicinity of the centerline electrode. In order to obtain certain range of 
collection, the voltage supplied to the system should be at least higher than the onset voltage. 
Then, with increasing voltage, collection efficiency increases dramatically, and theoretically 
reaches 100%.    
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Chapter 4: Electrostatic Separator Experiments 
4.1 Introduction 
In order to further study the performance of electrostatic separator, test setups for both wire-plate 
and wire-tube separators were designed and fabricated. For the plate type separator, different 
separator conditions were experimented to compare the difference between single stage and two-
stage systems. As for the wire-tube separator, both the influencing factors of the separator and 
various electrode designs were tested to study the electrostatic separator characteristics and 
improve the collection efficiency, as well as lower the power consumption.  
4.2 Wire-to-Plate Separator 
Test setups for wire-to-plate and wire-to-cylinder separators are designed based on the respective 
configurations. However, they all consist of five main components: fog-supply system, air-supply 
system, electronic system, measurement unit, and the separator demonstration unit.  
Table 2 shows the equipment used during the experiments.  It also indicates the range and 
accuracy of specific equipment.  
 Table 2: Equipment measure range and accuracy 
Name Range Accuracy 
Opacity meter 0- 100 % ± 1.0 % 
Aerodynamic Particle Sizer Spectrometer 0.5 µm – 20 µm ± 10% 
Anemometer 0.30 m/s – 45.00 m/s ± 3%  
Multimeter -Voltage 0 – 1000 V ± 0.05% 





4.2.1 Wire-to-Plates Separator Test Setup 
Two separators are placed in a series to enhance separation efficiency. Each separator has a 
charging stage and collection stage as shown in Figure 13. When droplets flow through the 
separator, they are ionized and collected twice. Therefore, higher separation capability can be 
achieved.  
 
Figure 13: Geometry of wire-to-plate separator 
Figure 14 presents the setup for wire-to-plate separator, including the actual and schematic sketch 
of experiment configuration. The setup consists of fog machine, mixing channel, plate separator, 
high voltage power supply, opacity meter, and fan.  
Before starting an experiment, airflow velocity will be measured at the system inlet, using 
anemometer to ensure sufficient flow rate. The fog machine is located at the system inlet. It 
generates a consistent amount of fog and injects it into the system. Air and fog particles are get 
mixed and become uniform in the mixing chamber. Charging and separation process occur in the 
electrostatic separator. High voltage power supplies provide high voltage to the separator, which 
is not shown in the figure. An opacity meter is set below the separator outlet to measure the 
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optical properties of gas. The opacity meters detect and measure the amount of light blocked by 
fog droplets remaining in the airflow after the separator, which is an indication of the separator 
performance. The fan, located at the system outlet, provides enough airflow speed to meet the test 
condition requirements. Variable transformer regulates velocity of the fan.  
 
(a) Wire-­‐to-­‐plate	  separator	  experiment	  setup	  
 
(b)	  Experiment	  setup	  schematic	  sketch	  of	  wire-­‐to-­‐plate	  separator	  
Figure 14: Experiment setup for wire-to-plate electrostatic separator: (a) wire-to-plate separator 





Figure 15 shows a close-up photograph of the opacity meter lens. After a few tests, it was 
observed that droplets accumulate on the opacity meter lens, which will influence the accuracy of 
the experiments. Therefore, a local stream of airflow was designed to keep away the fog from 
accumulating on the lens. The green pipe shown in the figure is used to provide a continuous 
small airflow stream.  
 
Figure 15: Design used to prevent accumulation of liquid on opacity meter lens 
Opacity is a measure of impenetrability to light, which can measure of the visibility of fog 
particles in the airflow. High opacity reading indicates that airflow contains high amounts of 
particles. Conversely, when the opacity reading is low after separation, it shows that the amount 
of particles remained is low, therefore demonstrates high separation performance. Hence, 
collection efficiency can be calculated by the ratio of opacity before and after separation as 
shown in Eq. 12. When no power is supplied to the separator, no separation process occurs. The 
opacity indicates the amount of particles before separation. By providing power to the separator, 
opacity is measured equivalent to the number of particles after separation process.  
 𝑬𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 = 𝟏 −
𝑶𝒑𝒂𝒄𝒊𝒕𝒚  𝑹𝒆𝒂𝒅𝒊𝒏𝒈  𝒘𝒊𝒕𝒉  𝑷𝒐𝒘𝒆𝒓




4.2.2 Wire-to-Plate Separator Experiments 
For wire-to-plate separators, four different conditions of separators were studied, which are “no 
charge”, “one stage”, “one charged wire”, “two stage”. As two plate separators are placed in the 
series, the upper separator is named separator 1. The other is labeled as separator 2.  
“No charge” refers to the case where no power is provided to both separators. It is used as a 
reference case to identify the performance of other separator conditions. “One stage” refers to the 
case where only the charging stages of both separators are provided with power, which functions 
as two single-stage separators. Experiments of “one stage” separators are used to observe the 
difference between one-stage and two-stage separator. “One charged wire” and “two stage” are 
both two-stage conditions. However, the difference is that, for “one charged wire”, only the 
charging stage of upper separator is provided with power. Particles will be ironized once and then 
move into the collection stages of both separators. For “two stage”, particles, after passing 
through the charging stage of separator 1, can be charged again within the separator 2.  
For the four conditions, variant voltage is supplied to the charging stage of the separator to study 
the separator performance. The voltage supplied to collection stage is kept constant at positive 
4.8kV. It ensures that the negatively charged particles are attracted and attached to collection 
plate.  
4.3 Wire-to-Tube Separator  
4.3.1 Test Setup 
The experimental setup for the wire-to-tube separator is shown in Figure 16. The setup consists of 
a fan, a fog generator machine, a water pump, a high voltage a power supply, and an electrostatic 
separator. 
Table 3 shows the equipment used during the experiments.  It also indicates the range and 
accuracy of specific equipment.  
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 Table 3: Equipment measure range and accuracy 
Name Range Accuracy 
Regulated cylinder 0- 100 ml ± 1ml 
Thermocouple -200 °C- 350 °C ± 0.5 °C 
Scale 0 - 20,000 g ± 0.1g 
Aerodynamic Particle Sizer Spectrometer 0.5 µm – 20 µm ± 10% 
Anemometer 0.30 m/s – 45.00 m/s ± 3%  
Multimeter -Voltage 0 – 1000 V ± 0.05% 
Multimeter -Current 0 – 10A ± 0.2% 
As shown in Figure 16, airflow is blown into the system through a regulated fan, which is not 
shown in the figure. To ensure sufficient airflow supplied by the fan, the airflow velocity will be 
measured at the outlet of separator. Airflow blown by the fan will first enter the chamber, and 
receive water droplets produced by ultrasonic fog generator. Fog juice particles, produced by fog 
machine, come into the system at the elbow tube. The mixture moves into the separator. Particle 
are separated and collected in the tube separator. The reason for using both the fog generator 
machine and the ultrasonic fog generator is to obtain the particles mean diameter such that it will 




(a) Wire-to-tube separator experiment setup 
 
(b) Experiment setup sketch of wire-to-tube separator 
  
Figure 16: Experiment setup for wire-to-tube electrostatic separator: (a) wire-to-tube separator 
experiment setup; (b) experiment setup sketch of wire-to-tube separator 
A detailed view of the separator is shown in Figure 17. It is located at the end of the wire-to-tube 
separator system. In Figure 17, the diameter of the electrostatic separator is 1 inch. It is placed in 
the center of the outer tube. Blue rubber annulus is used to stand the tube and ensure that the air 
and particles will only go through the separator. Two regulated cylinders are placed at both 









separator, a regulated cylinder is located at upstream to collect the accumulated liquid. The other 
one is used to collect separated liquid from electrostatic separator.  
 
(a) Cylindrical separator 
 
(b) Electrostatic separator system 
Figure 17: Detailed view of electrostatic separator system: (a) cylindrical separator; (b) 
electrostatic separator system.  
Efficiency is calculated by the ratio of the weight collected and injected into the system, shown 
by Equation 4.2. Injection rate of fog machine is assumed to be constant and measured. A scale is 
used to measure the net amount of water entering the system. Water and fog juice collected by the 
separator is collected by the regulated cylinder placed below the separator outlet. By measuring 












Drainage holes Spring 
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humidity of the air is acquired through psychrometric chart of water.  Therefore, the rate of 
particles vaporized in the system can be calculated.   
 𝑬𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 =
𝑨𝒎𝒐𝒖𝒏𝒕  𝒐𝒇  𝒍𝒊𝒒𝒖𝒊𝒅  𝒄𝒐𝒍𝒍𝒆𝒄𝒕𝒆𝒅  𝒃𝒚  𝒓𝒆𝒈𝒖𝒍𝒂𝒕𝒆𝒅  𝒄𝒚𝒍𝒊𝒏𝒅𝒆𝒓
𝑵𝒆𝒕  𝑰𝒏𝒋𝒆𝒄𝒕𝒊𝒐𝒏  𝑹𝒂𝒕𝒆 − 𝑬𝒗𝒂𝒑𝒐𝒓𝒂𝒕𝒊𝒐𝒏  𝑹𝒂𝒕𝒆
 (12) 
4.3.2 Experiments  
Different tube-type electrode designs are studied to investigate and improve collection efficiency. 
Then, the influences of certain factors on separator performance are studied, including airflow 
velocity and different diameter of tube.  
For different designs of electrodes, in order to meet the project constraints, certain parameters of 
the system are kept constant. The total length and diameter of the separator is constrained to 14 
inches and 1 inch, respectively. The voltage connected to the separator is always 10.5kV. The 
concentration of particles is relatively constant, about 22 gram particles per one kilogram of 
airflow. Particle size is restricted to 1µm-5µm according to the requirements of test condition.  
4.3.2.1 Multi-Stage Separator 
It’s observed that the plate type separator shows high collection efficiency due to the two-stage 
design. The concept of a multi-stage is implemented to the tube-type separator. Different designs 
of multi-stage separators are designed and tested, including two-stage separators and multi-stage 
separators.  
The electrodes of two-stage separators are divided into a charging stage and a collection stage. 
The charging stage constitutes of thin wire. By supplying high voltage to the charging stage, the 
ionization process occurs and as particles pass through this stage they get charged. The collection 
stage is comprised of thick metal electrode. No ionization occurs at the collection stage. Although 
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in this stage the intensity of electric field between the charge and ground electrodes is lower, it is 
sufficient to deflect the charged droplets and have them collected.  
Figure 18 shows different designs of the charged electrode. Design 1 is thin wire, used as 
reference group. Designs 2 and 3 are electrode designs of two-stage separators where the wire 
operates as the electrode for charging stage and the rod operates as the electrode for collection 
stage. In order to compare the influence of the diameter of the electrode for collection stage, 
different diameters of the rod for two-stage separator are tested, that is 3.2 mm and 6.4mm. 
Design 4 is the electrode of a multi-stage separator, which is segregated into four two-stage 
sections. A single stage design (Design 1) is also included into the group of experiments, which 
functions as a reference design.  
 



























(b) Sketch of electrode designs 
Figure 18: Different multi-stage designs of electrode:  electrode 1, thin wire, single stage 
electrode; electrode 2, two-stage electrode, second stage diameter 3.2mm; electrode 3, two-stage 
electrode, second stage diameter 6.4mm; electrode 4, multi-stage electrode 
4.3.2.2 Different stage length experiments 
Our study indicated that a two-stage separator shows higher collection efficiency. Further study is 
conducted to determine the appropriate proportion of the length of the charging stage and the 
collection stage. A long charging stage facilitates droplets charging while it may lead to 
insufficient length for the collection of droplets. On the other hand, a longer collection stage 
provides higher possibility that all droplets with different sizes are collected but that can be in 
expense of a deficiency in charging of droplets.        
Four different electrode designs are tested as shown in Figure 19. The first electrode is a single-
stage thin wire (Diameter 0.22mm; not shown in Figure 19 (a)). The other electrodes are all two-
stage electrodes with a diameter of 6.4 mm for the second stage rod. The second electrode design 
has a longer charging length, 3/4 of total length. Third electrode design has an equal length of 
both the charging stage and the collection stage. The collection stage of the fourth design 
occupies 3/4 of the total length.  
 














 (b) Sketch of electrode designs 
Figure 19: Different stage length designs of electrode: electrode 1, thin wire, single stage 
electrode; electrode 2, two-stage electrode, second stage length 1/4 of total length; electrode 3, 
two-stage electrode, second stage length 1/2 of total length; electrode 4, two-stage electrode, 
second stage length 3/4 of total length 
4.3.2.3 Airflow Velocity Studies 
The airflow velocity also has an important influence on the separator’s collection efficiency. As 
the length of separator stays constant, the amount of time that the particles remain in the system 
(i.e. resident time) is proportional to the air velocity. Both the charging and the collection 
processes require some time to complete. If the resident time is excessively short, some particles 
might leave the system without reaching the tube wall, which results in low collection efficiency. 
If the resident time is too long, high efficiency can be achieved; but it may be just waste of 
separator space which is not desirable in real application. Hence, airflow velocity is regulated to 
obtain the highest airflow velocity, which still guarantees sufficient separation. A variable 
transformer regulates the velocity of airflow. Airflow velocity varies from 8m/s to 14m/s, 
measured by the anemometer at the outlet of separator.  Collection efficiency was also measured 





4.3.2.4 Diameter of Tube Studies 
Different diameters of tube are studied experimentally. Three diameters of tube are investigated, 
including 1 inch, 1.5 inch and 2 inch. Figure 4.7 (a), (b), and (c) shows the upward view of the 
separators with their drainage holes. A sectional view of 2” diameter separator is shown in Figure 
4.7 (d). Since based on the project requirements the physical envelope is constrained to a total 
diameter of 6.5 inches, by increasing the diameter of each tube, the number of tubes that can be 
fitted inside the envelope will reduce. That can be advantageous in terms of simplifying the 
fabrication process.  
  
(a) Diameter of 1 Inch Separator 
   
(b) Diameter of 1.5 inch Separator 
 




(c) Lateral view of diameter of 2 inch separator 
Figure 20: Different diameter of tube separator: (a) diameter of 1 inch separator; (b) diameter of 
1.5 inch separator; (c) diameter of 2 inch separator (d) Lateral view of diameter of 2 inch 
separator 
In all experiments the air velocity is kept constant. This means the airflow rate for a larger 
diameter tube will be higher. Since the droplet generation rate of the ultrasonic fog generator 
cannot be regulated, the amount of water particles fed to the system is constant. In order to 
maintain a constant concentration for different separator designs, the fog machine is modified to 
regulate the fog concentration for different diameters of the tube separator. Figure 21shows the 
modified fog machine. A valve is installed at the inlet of fog machine to regulate the fog flow rate. 
Hence the concentration can be varied for different diameters of tube separator.  
  
Figure 21:  Modified fog machine 
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Different voltages are supplied to different sizes tubes to achieve the highest performance. 
However, voltage supplied to the system cannot exceed a certain value. When voltage exceeds the 
maximum voltage, sparking occurs. The sparks will influence the electric field and it is possible 
to cause a burning of the electrode, which will result in the separator failing to operate. Therefore, 
the highest voltage that the separator can operate safely will be supplied to the system to obtain 
the highest collection efficiency.  
During the experiments, the V-I characteristics for different separator designs were measured.  
Moreover, to make the experiments comparable, both the concentration of particles and airflow 
velocity were also obtained for each experiment. Collection efficiency was calculated by 
measuring injection rate, and the amount of particles collected as shown by Eq.12.  
4.4 Summary  
In this chapter, the test setups for both wire-plate and wire-tube separators were introduced. In 
addition, different test conditions and electrode designs were discussed in detail. Then, a study on 
the influence of airflow and diameter of tube for wire-to-tube separator was described. Results 
and discussion of the experiments are presented in next chapter.  
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Chapter 5: Results and Discussion 
5.1 Introduction 
In this section the results of experiments, based on the test condition and methodology described 
in the chapter 4, will be discussed. First the wire-plate results are discussed to obtain the 
reasonable conclusion about the effect of using two-stage design versus single-stage design. Then, 
the results of the experiments for wire-tube are discussed. The results of the multi-stage 
separators are presented to determine which basic electrode designs will be selected and studied 
further. Next, the study on the effect of the stage length is discussed to determine the final design 
of the separator. Lastly, the results of the collection efficiency of the airflow effects and the 
diameter of the tubes specifically for two-stage designs are presented and reviewed.  
5.2 Wire-to-Plate Separator Results 
Current-voltage characteristics are measured for plate type separators as shown in Figure 5.1. 
These are separators 1 and 2 shown in Figure 14. Both separators show identical current voltage 
characteristics, which means the same electric characteristics for both separators. Since electric 
characteristics are an indication of the performance of separator, it can be concluded that both 
separators can operate similarly in separation processes.  
Figure 22 demonstrates that the onset voltage for the plate type separator is about 5 kV. In order 
to get the separation process to occur, the voltage supplied to the separator should be higher than 
the onset voltage. To achieve the target efficiency, a certain voltage higher than the onset voltage 
must be supplied to the separator. However, a very high voltage would cause sparking in 
experiments. Therefore, the experiments are conducted by varying the voltage supplied to the 




Figure 22: Current voltage characteristics 
Figure 23 shows the experimental results for the plate type separator. The results are collected 
based on experiments described in section 4.2.2. It shows that the voltage supplied to the charging 
stage is positively affecting the performance of separator. By raising the supplied voltage, the 
measured opacity reduces which indicates the amount of fog collected by the separator increases 
and the collection efficiency improves.  
As a reference case, the value of opacity for “no charge” is relatively constant, at about 95%. This 
value corresponds to the maximum amount of light blocked by droplets. When the voltage is 
equal to or lower than 5.1 kV (the onset voltage) the capability of collection for different 
separator conditions doesn’t vary much. However, when the voltage is equal to or higher than 
5.7kV, the difference between separator conditions becomes apparent.  
Both two stage and one-stage separators can separate particles from flowing air. However, two-
stage separators show higher collection efficiency than one stage. From Figure 23, compared to 



















charging stage is not supplied with power, charged particles cannot be collected at charging stage, 
which leads to low separation performance.  
As for the two-stage separator system, the “two-stage” shows better performance than “one 
charged wire”. As mentioned in chapter 4, both “two-stage” and “one-charged wire” are two-
stage separator systems. The only difference is that both the charging stages of separator 1 and 2 
are supplied with the high voltage for “two-stage” separator while for “one-charged wire” only 
the charging stage of the first separator is supplied with high voltage.  Therefore, the “two-stage” 
has a higher collection performance than “one-charged wire” due to secondary charging process.  
From the experimental data, when charging stage separators are supplied with 7.5kV, the 
collection efficiencies are 96.3%, 71.9%, and 69.4% respectively for  “two stage”, “one charged 
wire”, and “one stage”. It must be noted that while the supplied voltage to charging stage are 
varied during these experiments, the voltage applied to collection stage are kept constant at 4.8 
kV.     
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Due to the difficulties in packaging the plate type separator in the required envelope, further 
studies are conducted to investigate the possibilities of using tube type separators. The concept of 
two-stage separator is further extended to the wire-tube separator to enhance the separator 
efficiency.  
5.3 Wire-to-Tube Separator Results 
 5.3.1 Multi-stage Separator  
Figure 24 shows the current voltage characteristics for different separator conditions, indicated in 
Figure 18. As it can be seen, the onset voltages for all the electrode designs are about 6 kV. 
Compared with the other electrode designs, single stage has a higher current when charged with 
the same voltage. Current of both of the two-stage designs (shown in the figure as “Two stage 
separator- 3.2 mm” and “Two stage separator- 6.4 mm”) are identical, and the current value is 
about half of the value for single stage. The Multi-stage separators have slightly higher currents 
than the two-stage separators. Since the total length of the thin wire electrode is the same for 
design 2, 3 and 4, the measured current is expected to be comparable for all of these designs. This 
is due to the fact that only thin wire electrode participates in ionization process and creation of the 
current. The results indicate that the power consumption of the system can be lowered by 




Figure 24: Current voltage characteristics for different separator conditions 
Figure 25 illustrates the collection efficiency for different electrode designs when a constant 
voltage of 10.5 kV is supplying to separators. It is shown that both two-stage separators have 
collection efficiency over 90%. Collection efficiency of single stage and multi-stage design is 
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Figure 25: Collection efficiency for different separator conditions 
It can be concluded from the collected data that two stage separators have higher collection 
efficiency than single stage and multi-stage separators. Both the charging and collection 
processes require certain amounts of time to allow for the processed at each stage to occur. For 
multi-stage separator, the electrode has been divided into four parts, so particles may not be 
charged and collected sufficiently due to the insufficient length of each part.  
The diameter of the collection stage has barely any influence on the separator’s performance. 
Since the diameter of the electrode at the collection stage does not cause the ionization effect, 
only collection processes occur. Due to the same electric fields for the different diameters of 
electrodes, the results show similar performance in the separators.  
As two-stage separators have lower power consumption as well as higher performance, further 
studies about two-stage separators are conducted.  
5.3.2 Study on the effect of stage length 
According to the previous experiments, two-stage separators show higher performance than the 
single stage separators. Further studies to optimize the two-stage separators were performed. 
Current voltage characteristics for different electrode designs (shown in Figure 19) are shown in 
Figure 26.  For different electrode designs, onset voltage is almost the same, about 6kV. Single 
stage and 1/4 charging length have similar current voltage characteristics. With regard to a certain 
voltage, for example 12 kV, the current of the 3/4 charging stage separator is about a quarter of a 
single stage one, while the current of the 1/2 charging stage separator is about half of single stage 
separator. The results indicate that the power consumption of separator from low to high is shown 
in this sequence: 1/4 charging stage, 1/2 charging stage, 3/4 charging stage, and single stage. This 
seems reasonable because corona discharge occurs along the charging stage, and that is where the 
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current is induced. Hence, the charging length may directly influence the power consumption of 
the separator. 
 
Figure 26: Current voltage characteristics for different separator conditions 
In order to achieve high performance in the separators as well as lower power consumption in the 
systems, different charging stage length were studies. The collection efficiency of three designed 
electrodes is calculated from the experiments, shown in Figure 27. The single stage separator 
collection efficiency is presented as a baseline. 
Figure 27 shows that 1/2 of the charging length stage has the highest collection efficiency, 93.8%, 
1/4, and 3/4 charging length stages have similar collection efficiencies. Even though efficiency of 
these two designs is lower than the 1/2 charging length, it is still higher than the single stage 
separator. For 1/4 of the charging length separator, the charging stage only consists of 1/4 of the 
total length. Relatively low collection efficiency may result from the insufficient charging length. 
Some particles might leave the separator without being charged. Hence, the charging length 
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shows a comparably low performance. Particles can be charged sufficiently. However, due to 
short collection length, some portion of particles may not have enough resident time to be 
collected. Therefore, the 1/2 charging length separator shows highest performance.  
 
Figure 27: Collection efficiency for different separator conditions 
5.3.3 Airflow Velocity Studies 
From previous experiments, the final design is determined to be the two-stage separator with 
equal charging and collection stage lengths. Further studies about the airflow were investigated. 
Results of the influence of airflow velocity are shown in Figure 28.  
When the velocity is equal to and lower than 10 m/s, the high efficiency of the separator can be 
obtained. With increasing airflow velocity, the collection efficiency decreases gradually. The blue 
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Figure 28: Collection efficiency at different flow velocity 
Both charging and collection process requires a certain amount of time to complete. With the 
constant length of separator, increasing airflow velocity will lower the resident time of particles.  
From the experimental data, in order to ensure sufficient separation, velocity should be lower than 
at least 10 m/s.      
5.3.4 Diameter of Tube Studies  
Previous experiments were taken for single tubes with diameters of 1 inch. The influence of the 
different tube diameters is tested to study the characteristics of the electrostatic separator. From 
previous studies, the efficiency of 1 inch two-stage separator is roughly 93.8%.  
Figure 29 shows that the performance of the separator with a diameter of 1.5 inches. Without 
power supplied, the performance of the separator is shown in Figure 29(a). By supplying a high 
voltage (21kV) to the system, most of the particles can be collected. Only a stream of fog can be 
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(a) Without Power                                               (b) With Power 
Figure 29: Performance of diameter of 1.5 inch separator 
For 2 inch diameter separators, two-stage separators were first tested at negative 24 kV. However, 
visualization study indicates that no obvious separation is observed. A possible reason for this is 
that the ionization processes does not provide enough electrons to charge all the particles. For 
uncharged particles, they will leave the separator directly. As for charged particles, due to the 
high concentration of particles, the path of the charged particles is blocked. Hence, the charged 
particles are not collected by tube wall.  
5.4 Summary 
In this chapter, the results of both the wire-plate separator and the wire-tube separator were 
discussed. The results of the wire-plate separator demonstrates that the two-stage separator design 
has a higher collection efficiency when compared to single-stage separator.  
Then the idea of the two-stage electrode design was implemented in the wire-tube separator. 
Several experiments were conducted to improve collection efficiency for different electrode 
designs. It has been proven through the experiments that two-stage, ½ charging length wire-tube 
separators not only satisfy efficiency requirements, but also decreases the power consumption.  
Then, the results of the influence of airflow velocity have been discussed. When the airflow 
velocity is lower than 10m/s, two-stage separators can achieve high collection efficiency. Lastly, 
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different diameters of tubes are studied. The study indicates that smaller diameters (1 inch and 1.5 
inch) of tubes show better performance than the larger diameters (2 inch). The 1 inch separator 
demonstrates the highest collection efficiency among all the separators. Hence, the fabrication of 
the full scale prototype will utilize 1 inch, two-stage, and ½ charging length tube-type separators. 
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Chapter 6: Prototype Fabrication and Experiments 
6.1 Introduction 
In previous chapters study on a simple element of a full size separator, such as a single tube, was 
presented. In order to meet the required capacity, it is needed that a full size electrostatic 
separator prototype is built. This prototype incorporates several single element tubes operating in 
parallel. In this section, a review of fabrication and experimental test of this prototype is 
presented. First, the concept of area utilization is studied to identify the best design of the 
prototype. Then, the prototype components are introduced. These components include face sheets, 
electrode supports, separators, and electrodes. Specifically, for electrode support, stress and 
displacement analysis results are presented. Then the experiments and test condition are described. 
Finally, the study on the performance of the separator is also described.  
6.2 Area Utilization Study 
Area utilization is a very important factor in design of the prototype, since it influences the 
airflow velocity. Area utilization (AU) is defined by equation 6.1.  
 𝐴𝑈 =
𝑁𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝑇𝑢𝑏𝑒  𝑆𝑒𝑝𝑎𝑟𝑎𝑡𝑜𝑟  ×  𝐴𝑟𝑒𝑎  𝑜𝑓  𝐸𝑎𝑐ℎ  𝑆𝑒𝑝𝑎𝑟𝑎𝑡𝑜𝑟
𝑇𝑜𝑡𝑎𝑙  𝐴𝑟𝑒𝑎  𝑜𝑓  𝑡ℎ𝑒  𝐺𝑒𝑜𝑚𝑒𝑡𝑟𝑦
 (14) 
The area utilization indicates that from the total available physical envelop area what portion is 
used as flow area. Since the available envelope is constrained to a diameter of 6.5 inches, for a 
given total air flow rate, increasing area utilization will lead to lower air velocity. The air mass 
flow rate is constant and the mass balance is given by equation 6.2. Since the density of the air is 
constant as it goes through the separator, with increasing area utilization, the airflow velocity will 
decrease. From studies in chapter 5, it was observed that high efficiency can be obtained at a 
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velocity of about 10 m/s or less. Hence, the study of area utilization can optimize the design of 
the prototype in order to achieve sufficient separation. 
 𝐦 = 𝜌 ∙ 𝐕 ∙ 𝐴 (15) 
 𝐴 = 𝐴𝑟𝑒𝑎  𝑈𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛   ∙ 𝑇𝑜𝑡𝑎𝑙  𝐴𝑟𝑒𝑎  𝑜𝑓  𝑡ℎ𝑒  𝐺𝑒𝑜𝑚𝑒𝑡𝑟𝑦 (16) 
Bundle designs with different tube arrangements or diameters are shown in Table 4. With 
increasing number of tubes fitted in the bundle design, area utilization increases, which results in 
lower airflow velocity.  The air velocity is calculated for a given total airflow rate of 0.189 kg/s 
(25 lb/min).    
 It was concluded from chapter 5 that the separator with a diameter of 1 inch and 1.5 inches works 
most effectively. Therefore, even though a 2 inch separator has a high area utilization and 
appropriate design, it can not be fabricated into the prototype, due to a poor performance for 
separation of high concentration droplets. As for 1.5 inch separators, the design with 10 tubes has 
a relatively low area utilization. Relatively, the velocity is higher, 11.3 m/s lading to insufficient 
separation. On the other hand, the design with 14 tubes does not function as well due the 
oversized bundle. 
For 1 inch separators, the design of 19 separator tubes is abandoned due to the same reason of 
low area utilization. The other two designs appear to meet requirements of geometry constrains as 
well as low air velocity.  Hence, the bundle sizes will be about 24 to 31 tubes. Taking geometry 
tolerance into consideration, further studies about the bundle design are discussed in the 



















1” 6” 19 52.8% 13.4 
 
1” 6” 24 66.7% 10.6 
 
1” 6.3” 31 78.1% 8.2 
 
1.5” 6” 10 62.5% 11.3 
 
1.5” 6.58” 14 71.9% 8.1 
 
2” 6” 7 77.8% 9. 1 
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6.3 Prototype Components 
The prototype is composed of four main components, which are face sheets, electrode supports, 
separator tubes, and electrodes. Figure 30 shows the interior of the prototype design, which 
demonstrates the two-stage electrode design of the separator. The charging stage and the 
collection stage are marked in the figure. The airflow direction is also illustrated. Figure 31 is the 
full view of prototype, which includes a 24-tube bundle.  
 
Figure 30: Interior of prototype design  
 
Figure 31: Prototype full view 
6.3.1 Face sheet 
Figure 32 illustrates the face sheet. There are 24 circular holes where separator tubes are 
positioned. Since a distance of 2 mm between each hole is required to leave sufficient space to 
Charging Stage Collection Stage 
Air Flow Direction 
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hold each tube, provide a gap for water drainage and keep face sheet from deformation, the 
diameter of the bundle size is increased to 6.5 inches.  
The main purpose of the face sheet is to maintain the position of separator tubes. Two face sheets 
are placed at both ends of the prototype. It is designed to make full use of the cross sectional area. 
The bottom of the face sheet is cut to leave space for drainage.  
The face sheet is made with brass. Since the face sheet is designed to hold the tubes tightly and it 
is in direct contact with all tubes, when the face sheet is grounded, all the separator tubes will be 
grounded accordingly.  
 
Figure 32: Face sheet    
6.3.2 Electrode Support 
The main purpose of electrode support is to hold the electrodes sturdily in place. Figure 33 shows 
the 3-D drawing of the electrode support. It was designed such that the electrodes will be located 
precisely in the center of each separator tube and it can be fabricated in the onsite machine shop.  
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A detailed drawing of the places to hold the electrodes is illustrated in Figure 34. The electrode 
wire is imbedded in the grooves. A knot is placed in the hole to hold the electrode.  
 
Figure 33: Electrode support 
 
Figure 34: Detailed drawing of electrode support 
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Due to the force exerted on the electrode support from tension of each electrode, it is required to 
be designed to endure certain force (assumed 5N per electrode). Therefore, stress and 
displacement analysis were simulated with Solidwork software [solidworks].  
SimulationXpress function was used to obtain the stress and displacement analysis. First, fixture 
locations are determined at the three holes, which are used to hold the electrode support. Second, 
the direction and value of exerting forces are added, shown as the red dots in the Figure 35. After 
the material is selected, we can run the simulation. Certain requirements should be met by the 
electrode support. Electrode support should be non-wettable. Also, the material needs to be 
electrically insulated. Different kinds of material were used in simulation to evaluate their 
structural performance. Accordingly PVDF was chosen to fabricate the electrode support. PVDF 
has the water absorption of 0.02%. The results of the simulation for PVDF are shown in Figure 
35. Different colors represent the displacement of that location. Maximum displacement is 




Figure 35: Result of simulation for PVDF 
The electrode support fabricated is shown in Figure 36. The two electrode supports are fabricated 
identically from PVDF using mechanical machining. The edge of the separator is fabricated 
smoothly to guide the airflow.    
 
Figure 36: Electrode support 
6.3.3 Separator Tubes 
The separator tubes are made from brass. Three drainage holes were fabricated in line for each 
tube as shown in Figure 37. Since most of water collection process occurs downstream, it is 
important to locate the drainage holes near the outlet of separator. The holes were tapered such 
that they facilitated drainage of water.  
 
Figure 37: Separator tube 
6.3.4 Electrode 
Direction of airflow 
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As the electrode is in two-stage design, it requires specific method to fabricate. Figure 38 and 
Figure 39 illustrate the configuration and dimensions of the electrode. The electrodes are 
composed of the charging stage and the collection stage. The charging stage is constituted of a 
thin wire. The corona effect occurs near the thin wire so particles can be charged. The collection 
stage is composed of a brass tube with a diameter of 3.2mm. The length of the charging stage is 
the same as the collection stage. At the ends of the electrode, knots were fabricated to hold the 
electrode on the electrode support. 
 
Figure 38: Configuration of electrode 
 
Figure 39: Dimensions of electrode 
Figure 40 shows the inner configuration of the collection stage electrode. It is show that a spring 
is inserted inside of the collection stage tube to provide sufficient tension. Caps are also 
fabricated to seal the ends of collection electrodes as shown in Figure 41.  
  
Figure 40: Inner configuration of collection stage 
                 
 Figure 41: Cap design 
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6.4 Prototype Experiments 
Figure 42 shows the experiment setup for the prototype bundle. Figure 42 (a) is an experimental 
setup for the test with the fog machine. Figure 42 (b) is used to test the particles produced by 
nozzle. The fan with the higher power is utilized to obtain higher velocity. The fog machine, 
shown in Figure 43, is used to generate micro-sized particles. However, as the capacity of fog 
machine is not sufficient for bundle separator, only part of the prototype is tested each time.  
 
(a) Experiment setup for particles produced by fog machine 
  






Figure 42: Experiment setup: (a) experiment setup for particles produced by fog machine; (b) 
experiment setup for particles produced by nozzle 
The fan directs airflow into the mixing section upstream of the electrostatic separator. At the 
same, the fog juice particles are generated by either the fog machine or the nozzle, and then 
guided by a tube so they can flow into the channel.  The separator prototype is connected to the 
mixing section of the channel. Droplets can be separated by the prototype as they flow through 
the tube bundle. They will be collected at the outlet of separator.  
 
Figure 43: Fog generation system 
6.4 Experiment Results and Discussion 
As described before the capacity of the fog machine was not sufficient to test the performance of 
all the operating tubes at the same time. Therefore, different sections of the separator were tested, 
respectively. The performance of the separator is visually observed as shown in Figure 44.  
When there is no power supplied to the separator, no separation process occurs. All the fog juice 
droplets pass through the system as shown in Figure 44 (a). When the separator is charged with a 
high voltage, the separation process occurs which collects all the droplets as shown in Figure 44 
(b). This demonstrates the successful operation of the prototype. 
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(a)                                                                    (b) 
Figure 44: Performance of prototype 
Experiments were also carried out for the particles produced by nozzle. This allowed us to 
achieve the required concentration and operate all the separation tubes at the same time.  
However, as discussed in section 2.2.3, the droplets size was way above the required test 
condition (~100 µm and higher). During the experiments with droplets produced by nozzles, 
sparking was observed. Figure 45 show that the sparks happened at the outlet of the prototype. It 
was observed that the liquid accumulates at the bottom of each separator tube. This will directly 
shorten the distance between the electrode and the grounded tube. The electric field between the 
two exceeds the dielectric field strength of the air, which causes sparks.  Two possible reasons 
were proposed to explain this phenomenon. The first possible reason is the size of droplets. Since 
the size of the droplets produced by nozzle is much larger than those produced by fog machine, 
the particles can adhere to the electrode support easily, and then reenter the separator in the form 
of large droplets. These large droplets accumulate at the inlet of separator tube, then causes 
sparks. Another possible reason is the turbulence flow. Due to the sharp edge of separator inlet, 
the air vortex might happen at the inlet of separator. The vortex then traps the particles to form 




Figure 45: Spark issue in prototype 
6.5 Summary 
In this chapter, design fabrication and testing of a full size separator, which can meet the required 
test conditions, are described. Moreover, an overview of the concept of area utilization was 
presented. Different bundle designs specific to the various sizes of the separators were introduced. 
Then, the components of the prototype were described, including the face sheet, the electrode 
support, the separator tube, and the electrode. Particularly, in order to support the electrodes, 
stress and displacement analysis were simulated for the electrode support with SolidWorks. In 
addition, experiments were conducted to demonstrate the performance of the prototype. Two 
different droplet generation methods were utilized, which are the fog machine, and the nozzle. 
The prototype shows high performance when separating particles produced by the fog machine. 
However, sparks were observed with particles generated by nozzle. Possible reasons were 




Chapter 7:  Conclusion and Further Work Recommendation 
7.1 Conclusion 
The current study indicated that both planar and cylindrical electrostatic separators have shown 
promising performance. However, the geometry constraints limit the overall geometry of the 
prototype to a circular shape, which makes the plate type separator difficult to package and fit in 
the given envelope. Hence, further numerical and experimental studies mainly were focused on 
the tube type separator.  
Numerical simulations were first performed to understand the separation process and 
characteristics of the cylindrical separator. A computational code in Matlab environment was 
prepared to study the effects of both the electric field and the current density. It was concluded 
from the simulation results that a high electric field and current density occurs near the center of 
separator, in other words, near the charging wire. This phenomenon is called corona discharge. 
Particles, after entering the separator, can be ionized near the charging wire.  For the current 
study, particles are charged with negative polarity. The grounded tube wall, which has relatively 
positive polarity, can collect negatively charged particles. Hence, the separation process 
completed.  
Characteristics of particle migration in the separator were also numerically studied. Both the 
trajectory of the particles for different particle sizes and the collection efficiency at different 
supplied voltage were simulated with Engineering Equation Solver. The trajectory of the larger 
particles indicated higher collection efficiency with the same tube separator. Another simulation 
study demonstrated the relationship between collection efficiency and supplied voltage. It was 
noted that when supplied voltage was lower than the onset voltage, there was barely any 
separation of particles. However, with increasing the voltage supply, collection efficiency also 
increased gradually. After it reached a certain value, theoretically 100% efficiency was reached. It 
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indicates that the supplied voltage has a significant influence on the efficiency. Hence, for 
experimental studies, voltage supplied to the system should be at least higher than the onset 
voltage. Also, by increasing voltage, the maximum efficiency can be obtained.  
Since two-stage planar separators showed higher performance than single stage, experimental 
studies mainly focused on the implementation of two-stage separators to cylindrical separators to 
further improve the collection efficiency. First, the three different designs of tube type separators 
were designed and fabricated, including two-stage and multi-stage separator. Experimental results 
show that the two-stage separator performed better than both the single stage and the multi-stage 
separator. Then another set of experiments was conducted to study the influence of various 
portions of the charging stage and collection stage on the performance of the separator. The 
results indicated that when the length of the charging stage and collection stage are the same, the 
separator demonstrated higher efficiency. Hence, for the full scale prototype design a two-stage 
separator with equal lengths for both the charging and collection stages is considered and 
implemented.  
Also the characteristics of separator were experimentally studied, including the influence of the 
airflow velocity and the diameter of tube on separator efficiency. First, resident time is defined as 
the time it takes for a particle to travel through the separator. It is inversely proportional with the 
airflow velocity. With increasing velocity of air, particle resident time will decrease. The 
experiments indicated that lower airflow velocity showed higher separator performance, since 
particles had sufficient time to be charged and collected. Besides, the influence of the diameter of 
tube was also discussed. It was observed that, with similar test condition, a smaller separator with 
1” diameter demonstrated higher performance when compared to the larger size of separator with 
2” diameter.  
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A full-scale prototype was designed and fabricated with the two-stage electrode design with equal 
lengths in the charging and collection stages. The arrangement and the number of tubes were first 
designed. From the previous experimental study, it was shown that lowering airflow velocity 
could ensure higher separator performance. The concept of area utilization was used to improve 
the design of bundle. By increasing the area utilization, airflow velocity can be reduced. With 
various designs for different sizes of tube, the final design was selected based 1 inch tube 
diameter. 
Most of the components of the prototype were first drawn in SolidWorks, then fabricated in the 
machine shop, including face sheets, electrodes, separator tubes, electrode supports, and outer 
tubes.  The designs methodology of electrode supports and separator electrodes were discussed 
thoroughly in chapter 6. As discussed the material of the electrode support requires low water 
absorption and high rigidity. Different materials were simulated with SolidWorks. Based on 
structural simulation a final design created which uses PVDF as the material to fabricate the 
electrode support. As for the electrode, since some tension is required to keep them tightly fixed 
and in position, a tension mechanism consisting a set of springs needs to be designed. A final 
innovative design was adopted which was based on inserting springs into collection stage. This 
design required delicate work and significant effort to properly install the springs in their place.  
Experiments were conducted to test the performance of the prototype. Due to the limitations of 
the laboratory experiments, the same test conditions with a single tube separator cannot be 
established. Therefore, the nozzle and the fog machine were utilized as an alternative. However, 
some test condition requirements cannot be met. Nozzles can provide sufficient concentration for 
the prototype, but the particles produced are in sizes over 100 microns, which is significantly 
higher than the requirements. While the fog machine can supply particles within the size 
requirements, the concentration is only enough to test a few tubes of separator at each test.  
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The experimental results of the prototype demonstrated the high performance of the unit for 
collecting particles produced by the fog machine. However, when atomized droplets supplied by 
the nozzle, the issue of spark occurred at both the inlet and the outlet of separator. As most sparks 
occurred at the inlet, few possible reasons were proposed to better explain the spark problem. It 
was observed that droplets accumulated at the inlet of separator. This could shorten the electrical 
distance between the electrode and the tube wall, which leads to sparking. The large particle sizes 
might cause the sparks due to a significant accumulation of droplets on the prototype components. 
Large droplets were observed on the electrode support, which were subsequently detached and 
then entered the separator with the airflow. This large lump of droplets can lead to accumulation 
of water at the tube entrance. Another possible reason is the influence of turbulence flow. The 
turbulence flow might create a vortex, which traps the liquid at the inlet of the separator.   
7.2 Future Work Recommendation 
In this study, the numerical method is used to understand certain characteristics of the 
electrostatic separator and particles qualitatively. As a recommendation for future work, other 
influencing factors on the electrostatic separator can be numerically simulated, for example, 
various diameters of the separator tubes, different electrode designs, and electrostatic separator 
designs. Moreover, the simulation can be extended to other design alternatives such as two-stage 
and multistage designs. 
Another recommendation is to study the influence of different diameters on the separator’s 
performance. For smaller particles (1~2µm), using smaller diameters for the tube separator shows 
higher efficiency than larger ones. However, the reason of this phenomenon is not fully 
understood. Further experimental studies can be conducted to determine the relationship between 
the size of droplets and optimum tube diameter. The characteristics of the particles such as 
particle size and its electrical characteristics can influence the separator efficiency. The numerical 
simulation of the tube type separator in this thesis demonstrates that larger particles can be 
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collected more easily than the smaller ones. However, corresponding experiments were not 
conducted to validate the results due to the laboratory test condition limitations. Besides, the 
influence of the particles’ electric characteristics on the separator efficiency was not investigated 
in this thesis. Further studies can focus on the effect of characteristics of particles.  
Another recommendation is to study the mechanism of spark issue. In this thesis, the sparks did 
not occur when the experiments were conducted on a single tube. However, it becomes an issue 
for the full-scale prototype. The primary disadvantage of the sparks is that it lowers collection 
efficiency of the separator. It may also burn the separator sensitive components since sparks can 
cause temperature to increase rapidly in the system.  Hence, it is very important to better 






Appendix A: Engineering Equation Solver Programing and Results 
Procedure DragCoefficient(Re:Cd) 
if(Re<1e-7) Then Cd = 0. 
If (1e-7<=Re) and (Re<0.4046) Then Cd = 24/Re 
If (0.4046<=Re) and (Re<0.9023) Then Cd = 22.73/Re-0.0903/Re^2+3.69 
If (0.9023<=Re) and (Re<9.996) Then Cd = 29.1667/Re-3.8889/Re^2+1.222 
If (9.996<=Re) and (Re<100000) Then Cd = 46.5/Re-116.67/Re^2+0.6167 
END 
"Procedure: Determine whether the particle is collected or not" 
Procedure CollectionCheck (Lpar, Rpar, Length, Rcylinder: collect$)  
collect$:=' null'  
if(Rpar=Rcylinder) and (Lpar< Length) Then collect$:=' Yes'  










"Initial Location of Particle" 
{ri=0.0002} 
"ri=0.0005 to 0.0080, step is 0.0005" 
"Parameters" 
"Droplet size is changed from 3 micons to 10 microns" 
Dp=3*10^(-6);           {Droplets size [m]} 
RP=80;                        {Relative permittivity of a particle, use water at 20 C} 
Ke=9.0*10^9;             {Ke: Proportionality constant 9.0*10^9 [N*m^2/C^2]} 
RhoA=1.1839;            {Density of air [kg/m^3] at 25 C} 
RhoP=1000;               {Density of droplets [kg/m^3]} 
Vis=1.983*10^(-5);    {Dynamic Fluid Viscosity [N*s/m^2=kg/ms] at 25 C} 
U=10;                           {Fluid velocity m/s} 
g=9.8;                           {acceleration due gravity [m/s2]} 
per=8.85418781762*10^(-12);        {Permittivity} 
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IM=1.5*10^(-4);                               {Ion Mobility} 








Current=0.966E-3   "Current is scaled to match the longer wire" 
Length=35.5*10^(-2); 
J=Current/Length 








"C1 = 1279396.0280418376137346487905209" 
"C2 = -10414.890634522985224925251657637" 
"Threshold Field Strength" 
Emax=(30*RD+9*(2*RD/Dwire)^0.5)*10^5        "Upper limit" 




"Ionic Charge Density" 





"Electrostatic body force exerted on a charged aerosol" 
Fe=Qfld*E/(1/6*pi*Dp^3*RhoP) 






Call DragCoefficient(Re:Cd)          "It is used to calaculate parametric table 1" 
{Cd=24/Re }                                   "It is used to calaculate parametric table 2 and 3" 
"Time" 









Call CollectionCheck (Lpar, Rpar, Length, Rcylinder: collect$)  
Ratio=(1-(ri^2-Rwire^2)/(Rcylinder^2-Rwire^2))*100 
V_onset=Rwire*Emax*ln(Rcylinder/Rwire) 
$IntegralTable time:0.00005, Up, Cd, r,Lpar, Rpar,Qfld, collect$ 
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Appendix B: Engineering Equation Solver Programing Data 
By running program from appendix A, results are shown in Figure 46. 
 
(a) Main result 
 
(b) Drag coefficient 
 (c) 
Collection check 
Figure 46: Results of EES code: (a) main results; (b) drag coefficient; (c) collection check 
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From the results, it can be concluded that particles with size of 3 micron can be collected at 27.96 
cm from the entrance of separator.  
 
 is an example of parametric study results particle with size of 3 micron.  In last column, null 
indicates particle at that location cannot be collected. The first “yes” means that particle with that 
initial location can be collected.  Some data were omitted due to limited space.  
 
 
 Table 5: Results of particles of 3 micro 
time Up Cd r Lpar Rpar Qfld collect$ 
 0 0 16.29 0.0002 0 0.0002 0 null 
 0.00005 1.84 19.54 0.0002653 0.0004986 0.0002653 7.624E-16 null 
 0.0001 2.899 21.8 0.0003725 0.000997 0.0003725 8.243E-16 null 
 0.00015 1.821 19.38 0.0004889 0.001495 0.0004889 7.309E-16 null 
 0.0002 1.416 18.59 0.0005652 0.001991 0.0005652 6.915E-16 null 
 0.00025 1.219 18.22 0.0006272 0.002488 0.0006272 6.648E-16 null 
 0.0003 1.041 17.89 0.000687 0.002984 0.000687 6.398E-16 null 
 0.00035 0.9723 17.77 0.0007338 0.00348 0.0007338 6.246E-16 null 
 0.0004 0.9035 17.66 0.0007806 0.003976 0.0007806 6.094E-16 null 
 0.00045 0.8346 17.55 0.0008274 0.004471 0.0008274 5.941E-16 null 
 0.0005 0.8003 17.49 0.0008663 0.004966 0.0008663 5.843E-16 null 
 0.00055 0.766 17.44 0.0009051 0.005461 0.0009051 5.744E-16 null 
 0.0006 0.7317 17.38 0.000944 0.005955 0.000944 5.645E-16 null 
 0.00065 0.7082 17.34 0.0009785 0.00645 0.0009785 5.573E-16 null 
 0.0007 0.6847 17.31 0.001013 0.006944 0.001013 5.501E-16 null 
 0.00075 0.6612 17.27 0.001048 0.007438 0.001048 5.430E-16 null 
 0.0008 0.6485 17.25 0.001078 0.007931 0.001078 5.384E-16 null 
 0.00085 0.6358 17.23 0.001108 0.008424 0.001108 5.339E-16 null 
 0.0009 0.6231 17.21 0.001138 0.008917 0.001138 5.293E-16 null 
 0.00095 0.6104 17.19 0.001168 0.00941 0.001168 5.248E-16 null 
 0.001 0.5977 17.17 0.001198 0.009903 0.001198 5.202E-16 null 
 0.00105 0.585 17.15 0.001228 0.0104 0.001228 5.157E-16 null 
 0.0011 0.5723 17.13 0.001258 0.01089 0.001258 5.111E-16 null 
 0.00115 0.5596 17.11 0.001288 0.01138 0.001288 5.066E-16 null 
 0.0012 0.5469 17.09 0.001319 0.01188 0.001319 5.020E-16 null 
 0.00125 0.5406 17.08 0.001345 0.01237 0.001345 4.995E-16 null 
 0.0013 0.5342 17.07 0.001371 0.01286 0.001371 4.970E-16 null 
 0.00135 0.5278 17.06 0.001397 0.01335 0.001397 4.944E-16 null 
 0.0014 0.5215 17.05 0.001423 0.01384 0.001423 4.919E-16 null 
 0.00145 0.5151 17.04 0.001449 0.01433 0.001449 4.894E-16 null 
 0.0015 0.5087 17.03 0.001475 0.01482 0.001475 4.868E-16 null 
 0.00155 0.5024 17.02 0.001501 0.01532 0.001501 4.843E-16 null 
 0.0016 0.496 17.01 0.001527 0.01581 0.001527 4.818E-16 null 
 0.00165 0.4922 17.01 0.001551 0.0163 0.001551 4.801E-16 null 
time Up Cd r Lpar Rpar Qfld collect$ 
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 0 0 16.29 0.0002 0 0.0002 0 null 
 0.00005 1.84 19.54 0.0002653 0.0004986 0.0002653 7.624E-16 null 
 0.0001 2.899 21.8 0.0003725 0.000997 0.0003725 8.243E-16 null 
 0.00015 1.821 19.38 0.0004889 0.001495 0.0004889 7.309E-16 null 
 0.0002 1.416 18.59 0.0005652 0.001991 0.0005652 6.915E-16 null 
 0.00025 1.219 18.22 0.0006272 0.002488 0.0006272 6.648E-16 null 
 0.0003 1.041 17.89 0.000687 0.002984 0.000687 6.398E-16 null 
 0.00035 0.9723 17.77 0.0007338 0.00348 0.0007338 6.246E-16 null 
 0.0004 0.9035 17.66 0.0007806 0.003976 0.0007806 6.094E-16 null 
 0.00045 0.8346 17.55 0.0008274 0.004471 0.0008274 5.941E-16 null 
 0.0005 0.8003 17.49 0.0008663 0.004966 0.0008663 5.843E-16 null 
 0.00055 0.766 17.44 0.0009051 0.005461 0.0009051 5.744E-16 null 
 0.0006 0.7317 17.38 0.000944 0.005955 0.000944 5.645E-16 null 
 0.00065 0.7082 17.34 0.0009785 0.00645 0.0009785 5.573E-16 null 
 0.0007 0.6847 17.31 0.001013 0.006944 0.001013 5.501E-16 null 
 0.00075 0.6612 17.27 0.001048 0.007438 0.001048 5.430E-16 null 
 0.0008 0.6485 17.25 0.001078 0.007931 0.001078 5.384E-16 null 
 0.00085 0.6358 17.23 0.001108 0.008424 0.001108 5.339E-16 null 
 0.0009 0.6231 17.21 0.001138 0.008917 0.001138 5.293E-16 null 
 0.00095 0.6104 17.19 0.001168 0.00941 0.001168 5.248E-16 null 
 0.001 0.5977 17.17 0.001198 0.009903 0.001198 5.202E-16 null 
 0.00105 0.585 17.15 0.001228 0.0104 0.001228 5.157E-16 null 
 0.0011 0.5723 17.13 0.001258 0.01089 0.001258 5.111E-16 null 
 0.00115 0.5596 17.11 0.001288 0.01138 0.001288 5.066E-16 null 
 0.0012 0.5469 17.09 0.001319 0.01188 0.001319 5.020E-16 null 
 0.00125 0.5406 17.08 0.001345 0.01237 0.001345 4.995E-16 null 
 0.0013 0.5342 17.07 0.001371 0.01286 0.001371 4.970E-16 null 
 0.00135 0.5278 17.06 0.001397 0.01335 0.001397 4.944E-16 null 
 0.0014 0.5215 17.05 0.001423 0.01384 0.001423 4.919E-16 null 
 0.00145 0.5151 17.04 0.001449 0.01433 0.001449 4.894E-16 null 
 0.0015 0.5087 17.03 0.001475 0.01482 0.001475 4.868E-16 null 
 0.00155 0.5024 17.02 0.001501 0.01532 0.001501 4.843E-16 null 
 0.0016 0.496 17.01 0.001527 0.01581 0.001527 4.818E-16 null 




0.0017 0.4883 17 0.001575 0.01679 0.001575 4.784E-16 null 
 0.00175 0.4845 17 0.001599 0.01728 0.001599 4.767E-16 null 
 0.0018 0.4806 16.99 0.001623 0.01777 0.001623 4.750E-16 null 
 0.00185 0.4768 16.99 0.001647 0.01826 0.001647 4.733E-16 null 
 0.0019 0.4729 16.98 0.001671 0.01875 0.001671 4.716E-16 null 
 0.00195 0.4691 16.97 0.001695 0.01924 0.001695 4.699E-16 null 
 0.002 0.4652 16.97 0.001719 0.01973 0.001719 4.683E-16 null 
 0.00205 0.463 16.96 0.001741 0.02022 0.001741 4.673E-16 null 
 0.0021 0.4608 16.96 0.001763 0.02071 0.001763 4.663E-16 null 
 0.00215 0.4587 16.96 0.001785 0.02119 0.001785 4.653E-16 null 
 0.0022 0.4565 16.95 0.001807 0.02168 0.001807 4.643E-16 null 
 0.00225 0.4543 16.95 0.001829 0.02217 0.001829 4.633E-16 null 
 0.0023 0.4521 16.95 0.001851 0.02266 0.001851 4.623E-16 null 
 0.00235 0.4499 16.94 0.001873 0.02315 0.001873 4.613E-16 null 
 0.0024 0.4477 16.94 0.001895 0.02364 0.001895 4.604E-16 null 
 0.00245 0.4456 16.94 0.001917 0.02412 0.001917 4.594E-16 null 
 0.0025 0.4434 16.93 0.001939 0.02461 0.001939 4.584E-16 null 
 0.00255 0.4412 16.93 0.001962 0.0251 0.001962 4.574E-16 null 
 0.0026 0.439 16.93 0.001984 0.02559 0.001984 4.564E-16 null 
 0.00265 0.4368 16.92 0.002006 0.02608 0.002006 4.554E-16 null 
 0.0027 0.4346 16.92 0.002028 0.02657 0.002028 4.544E-16 null 
 0.00275 0.4325 16.92 0.00205 0.02706 0.00205 4.535E-16 null 
 0.0028 0.4303 16.91 0.002072 0.02754 0.002072 4.525E-16 null 
 0.00285 0.4281 16.91 0.002094 0.02803 0.002094 4.515E-16 null 
 0.0029 0.4259 16.91 0.002116 0.02852 0.002116 4.505E-16 null 






      
0.03185 0.348 16.79 0.01249 0.2767 0.01249 4.118E-16 null 
 0.0319 0.3479 16.79 0.01251 0.277 0.01251 4.118E-16 null 
 0.03195 0.3479 16.79 0.01253 0.2772 0.01253 4.118E-16 null 
 0.032 0.3479 16.79 0.01254 0.2775 0.01254 4.118E-16 null 
 0.03205 0.3479 16.79 0.01256 0.2778 0.01256 4.117E-16 null 
 0.0321 0.3479 16.79 0.01258 0.2781 0.01258 4.117E-16 null 
 0.03215 0.3479 16.79 0.01259 0.2783 0.01259 4.117E-16 null 
 0.0322 0.3479 16.79 0.01261 0.2786 0.01261 4.117E-16 null 
 0.03225 0.3479 16.79 0.01263 0.2788 0.01263 4.117E-16 null 
 0.0323 0.3479 16.79 0.01265 0.279 0.01265 4.117E-16 null 
 0.03235 0.3479 16.79 0.01266 0.2793 0.01266 4.117E-16 null 
 0.0324 0.3479 16.79 0.01268 0.2795 0.01268 4.117E-16 null 
 0.03245 0.3479 16.79 0.0127 0.2796 0.0127 4.117E-16 Yes 
 0.0325 0.3479 16.79 0.01272 0.2796 0.0127 4.117E-16 Yes 
 0.03255 0.3479 16.79 0.01273 0.2796 0.0127 4.117E-16 Yes 
 0.0326 0.3479 16.79 0.01275 0.2796 0.0127 4.117E-16 Yes 
 0.03265 0.3478 16.79 0.01277 0.2796 0.0127 4.117E-16 Yes 
 0.0327 0.3478 16.79 0.01279 0.2796 0.0127 4.117E-16 Yes 
 0.03275 0.3478 16.79 0.0128 0.2796 0.0127 4.117E-16 Yes 
 0.0328 0.3478 16.79 0.01282 0.2796 0.0127 4.117E-16 Yes 
 0.03285 0.3478 16.79 0.01284 0.2796 0.0127 4.117E-16 Yes 
 0.0329 0.3478 16.79 0.01286 0.2796 0.0127 4.117E-16 Yes 
 0.03295 0.3478 16.79 0.01287 0.2796 0.0127 4.117E-16 Yes 
 0.033 0.3478 16.79 0.01289 0.2796 0.0127 4.117E-16 Yes 
 0.03305 0.3478 16.79 0.01291 0.2796 0.0127 4.117E-16 Yes 
 0.0331 0.3478 16.79 0.01293 0.2796 0.0127 4.117E-16 Yes 
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Trajectory of different particles can be obtained by plotting Rpar vs. Lpar, shown in Figure 47. 
Rpar means the length of particle travels in radius direction from the center of tube separator. 
Lpar indicates the how far it goes from the entrance of the separator.  
Figure 47: Trajectory of 3 micron particle 
 
Table 6 shows parametric study for 3 micron particle. Ri indicates the initial position of the 
particle. If the “Collect$” column shows “No”, it means that particles entering the separator at 
corresponsive initial location Ri cannot be collected by the separator. So for particles with 3 
micron, it can be collected at initial location 0.001925m from the center of separator. It indicates 





Table 6: Parametric study for 3 micron particles  
Run Ri Ratio Collect$ 
1 0.00015 100 No 
2 0.0002768 99.96 No 
3 0.0004035 99.91 No 
4 0.0005303 99.83 No 
5 0.0006571 99.74 No 
6 0.0007838 99.63 No 
7 0.0009106 99.49 No 
8 0.001037 99.34 No 
9 0.001164 99.17 No 
10 0.001291 98.97 No 
11 0.001418 98.76 No 
12 0.001544 98.53 No 
13 0.001671   
14 0.001798   
15 0.001925 97.71 Yes 
16 0.002052 97.4 Yes 
17 0.002178 97.07 Yes 
18 0.002305 96.71 Yes 
19 0.002432 96.34 Yes 
20 0.002559 95.95 Yes 
21 0.002685 95.54 Yes 
22 0.002812 95.1 Yes 
23 0.002939 94.65 Yes 
24 0.003066 94.18 Yes 
25 0.003192 93.69 Yes 
26 0.003319 93.18 Yes 
27 0.003446 92.64 Yes 
28 0.003573 92.09 Yes 
29 0.003699 91.52 Yes 
30 0.003826 90.93 Yes 
31 0.003953 90.32 Yes 
32 0.00408 89.69 Yes 
33 0.004207 89.04 Yes 
34 0.004333 88.36 Yes 
35 0.00446 87.67 Yes 
36 0.004587 86.96 Yes 
37 0.004714 86.23 Yes 
38 0.00484 85.48 Yes 
39 0.004967 84.71 Yes 
40 0.005094 83.92 Yes 
41 0.005221 83.11 Yes 
42 0.005347 82.28 Yes 
43 0.005474 81.43 Yes 
44 0.005601 80.56 Yes 
45 0.005728 79.67 Yes 
46 0.005855 78.75 Yes 
47 0.005981 77.82 Yes 
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48 0.006108 76.87 Yes 
49 0.006235 75.9 Yes 
50 0.006362 74.91 Yes 
51 0.006488 73.9 Yes 
52 0.006615 72.87 Yes 
53 0.006742 71.82 Yes 
54 0.006869 70.75 Yes 
55 0.006995 69.66 Yes 
56 0.007122 68.55 Yes 
57 0.007249 67.43 Yes 
58 0.007376 66.28 Yes 
59 0.007503 65.11 Yes 
60 0.007629 63.92 Yes 
61 0.007756 62.71 Yes 
62 0.007883 61.48 Yes 
63 0.00801 60.23 Yes 
64 0.008136 58.96 Yes 
65 0.008263 57.67 Yes 
66 0.00839 56.36 Yes 
67 0.008517 55.03 Yes 
68 0.008643 53.68 Yes 
69 0.00877 52.32 Yes 
70 0.008897 50.93 Yes 
71 0.009024 49.52 Yes 
72 0.009151 48.09 Yes 
73 0.009277 46.64 Yes 
74 0.009404 45.17 Yes 
75 0.009531 43.68 Yes 
76 0.009658 42.18 Yes 
77 0.009784 40.65 Yes 
78 0.009911 39.1 Yes 
79 0.01004 37.53 Yes 
80 0.01016 35.94 Yes 
81 0.01029 34.34 Yes 
82 0.01042 32.71 Yes 
83 0.01054 31.06 Yes 
84 0.01067 29.39 Yes 
85 0.0108 27.71 Yes 
86 0.01093 26 Yes 
87 0.01105 24.27 Yes 
88 0.01118 22.52 Yes 
89 0.01131 20.76 Yes 
90 0.01143 18.97 Yes 
91 0.01156 17.16 Yes 
92 0.01169 15.33 Yes 
93 0.01181 13.49 Yes 
94 0.01194 11.62 Yes 
95 0.01207 9.733 Yes 
96 0.01219 7.827 Yes 
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97 0.01232 5.9 Yes 
98 0.01245 3.953 Yes 
99 0.01257 1.987 Yes 






Appendix C: Matlab Programing and Results 
Varialbles [electric field and charge density]: 
syms C1 C2 per Current Length J J0 RD IM Rwire Dwire Rcylinder Vwire Vcylinder Emax  
Variables [Trajectory of droplets]: 
P stands for particles, that is, droplets 


















% Ion Mobility 
IM=1.5*10^(-4); 
% Current Density 
Current=0.63*10^(-3);   
Length=25*10^(-2); 
J=Current/Length 
                  J =  
                                      0.0025     
Threshold Field Strength  
Emax=(30*RD+9*(2*RD/Dwire)^0.5)*10^5 
                  Emax = 
                                      1.1581e+07 
Equations to calculate C1 and C2 
% Equation Criteria,Current Density 
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                  Ea = 
                                      8.9392e+05 
                  C1 = 
                                      1279396.0280418376137346487905209 
                  C2 = 
                                      -10414.890634522985224925251657637 
Electric Field 




ezplot(E, [Rwire, Rcylinder]) 
xlabel('Distance r (m)') 
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ylabel('Electric Field (V/m)') 
title('Electric Field about Distance r')  
                  E = 
                                       (1279396.0280418376137346487905209/r^2 + 
4947668829070689/16384)^(1/2) 
                  E0 = 






ezplot(q, [Rwire, Rcylinder]) 
xlabel('Distance r (m)') 
ylabel('Charge Density (C/m^3)') 
title('Charge Density about Distance r') 
                  q =42/(5*pi*r*(1279396.0280418376137346487905209/r^2 + 
4947668829070689/1638____ 





ezplot(Voltage, [Rwire, Rcylinder]) 
xlabel('Distance r (m)') 
ylabel('Voltage (V)') 
title('Voltage about Distance r')      
Parameters:     
Relative permittivity of a particle, use water at 20 C  
RP=80; 




% Droplets size [m] 
Dp=2*10^(-6); 
% Density of air [kg/m^3] at 25 C 
RhoA=1.1839; 
% Density of droplets [kg/m^3] 
RhoP=1000; 
% Fluid Viscosity [N*s/m^2=kg/ms] at 25 C 
u=1.983*10^(-5); 
% Fluid velocity m/s 
U=10; 
% acceleration due gravity [m/s2] 
g=9.8;    
% Total Particle Charge 
% Assume no diffusion charging, because the particle size is over 1 um 
% Field Charging 
Qfld=3*RP/(RP+2)*Emax*Dp^2/(4*Ke); 
% Electrostatic body force exerted on a charged aerosol 
Fe=Qfld*Emax/(1/6*pi*Dp^3*RhoP);   
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Trajectory of particle 
Cd = 24/Re Re=0-0.1; Cd = 22.73/Re-0.0903/Re^2+3.69 Re=0.1-1; Cd = 29.1667/Re-
3.8889/Re^2+1.222 
Re=1-10; Cd = 46.5/Re-116.67/Re^2+0.6167 Re=10-100; 
[Up, Re, Cd]= solve(Re-RhoA*Dp*(Up-U)/u, (Cd*Re/24*18*u/(RhoP*Dp^2))*(U-
Up)+g*(RhoP-% Stokes drag term 
% Reynolds number 
% Re=RhoA*Dp*(Up-U)/u 




Cd=double(Cd)        
Re = 
                                       8.5417 
                                       -32.4097 
                  Up = 
                                       4.5833 
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                                       0.3184 
                  Cd = 
                                       81.5356 
                                       -261.4268   
Residual time       
Time=Length/U 
                  Time = 




CD Drag coefficient 
dc cylinder diameter (m) 
DNdrop number median droplet diameter (cm) 
dp diameter of particle (m) 
dW diameter of wire (m) 
E electric field strength (V/m) 
E0 initial field strength (V/m) 
F crystal frequency (Hz) 
Fe electrostatic body force (N/m2) 
FD Stocks drag term (s-1) 
J current density (A/m3) 
g acceleration due to gravity (m/s2) 
KE proportionality constant (9.0*109 N*m2/C2) 
P actual fluid pressure (mm) 
P0 normal atmosphere pressure (mm) 
qdiff charge on a particle due to diffusion charging (C) 
qfld charge on a particle due to field charging (C) 
qp charge on a particle due to diffusion and filed chagrin (C) 
Re Reynolds number 
S liquid surface tension(dynes/cm) 
t resident time(s) 
T Actual fluid temperature (K) 
T0 Absolute ambient temperature (K) 
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u velocity of airflow (m/s) 
up velocity of particles (m/s) 
Zi ion mobility (m2/(V*s) 
ϕ electrical potential (V) 
µ fluid viscosity 
δ relative density 
εp relative permittivity of particles 
ρ liquid density 
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